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highly exposed individuals. The authors then 
fitted a linear ERR model to the data of the 
meta-analysis and derived mortality risks at 
low-level radiation by extrapolation. 

Linear extrapolation is used in radiation 
protection if cohort strata pertaining to 
low doses and dose rates have low statistical 
power. There are, however, indications for 
non linear protective effects of low doses 
delivered at low dose rates for end points 
related to athero sclerosis in mice (Mitchel 
et al. 2011). Moreover, the recent review of 
Rödel et al. (2012) showed that low-dose 
ionizing radiation modulates inflammatory 
immune reactions mostly with discontinuous 
or biphasic dose dependencies. These recent 
findings suggest that non linear dose responses 
might also play a role in the determination of 
the radiation risk for circulatory diseases.

In this context we note that in the 
10 studies analyzed by Little et al. (2012), 
risk estimates were mainly calculated with 
linear no-threshold (LNT) models (in fact, 
7 of the 10 studies applied only the LNT 
model). Motivated by recent radio biological 
findings, we fitted a large number of dose 
responses, in addition to the LNT model, 
to the data of the Life Span Study (LSS) 
cohort of Japanese atomic-bomb survivors, 
which is among the cohorts considered by 
Little et al. (2012). We realized that several 
models fitted the data about equally well 
(Schöllnberger et al. 2012). Instead of pick-
ing a single model of choice for risk assess-
ment (here, the LNT model), we allowed for 
model uncertainty via multi model inference. 
By reducing the bias from model selection, 
we obtained larger uncertainty intervals for 
risk estimates. The “model-averaged” dose 
response predicted markedly lower risks 
than the LNT model for cerebro vascular dis-
ease (CVD) and for cardio vascular diseases 
excluding CVD. For example, for CVD an 
ERR model with a step at 0.6 Sv strongly 
influenced the average with a weight of 
0.55 compared with the LNT model with 
a much lower weight of 0.26 (see Table 1 of 
Schöllnberger et al. 2012). We did, however, 
not find any evidence for a protective effect 
but only for the contribution of pathways 
that have a threshold.

Our results might have implications 
for issues of public health in the assessment 
of risk–benefit ratios for radio diagnosis or 
radio therapy. Thus, we encourage the use 
of multi model inference techniques in the 
analysis of other cohorts. From our experi-
ence with the LSS cohort, we would expect 
lower risk estimates in the lower dose range 
with a more comprehensive characterization 
of uncertainties and improved support of the 
epidemiological data.
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Estimating Risk of Circulatory 
Disease: Little et al. Respond 
http://dx.doi.org/10.1289/ehp.1206046R

We welcome Schöllnberger and Kaiser’s com-
ments on our review (Little et al. 2012). The 
biology of radiation-associated athero sclerosis 
has been extensively reviewed (Advisory 
Group on Ionising Radiation 2010; Little 
et al. 2010). As we stated in our paper, there 
are “biological data suggesting that many 
inflammatory end points potentially relevant 
to circulatory disease may be differentially 
regulated below and above about 0.5 Gy,” 
which is why we studied low-to-moderate 
exposures (Little et al. 2012). Mitchel et al. 
(2011) and Rödel et al. (2012) support a 
possible biphasic dose response, as do many 
other data (Advisory Group on Ionising 
Radiation 2010; Little et al. 2010).

Schöllnberger et al. used multi model 
inference (Burnham and Anderson 1998) to 
assess circulatory disease risk in their analysis 
of the Life Span Study (LSS) cohort of 
atomic-bomb survivors who were exposed 
briefly to radiation (Schöllnberger et al. 2012). 
We doubt that the effect they observed can be 
simply generalized to studies of other groups, 
in particular those chronically exposed. 
More important, most studies do not have 
information on potential confounders. We 
judge that the focus should not be to improve 
statistical modeling techniques, but to 
critically address the problems of confounding 
or other bias and to assess low-dose biological 
mechanisms.

We also question the validity of the 
threshold models Schöllnberger et al. 
(2012) used. No data suggest a threshold for 

biological markers relevant to circulatory dis-
ease (Advisory Group on Ionising Radiation 
2010; Little et al. 2010).

Schöllnberger et al. (2012) used older LSS 
data (Preston et al. 2003) limited to deaths in 
proximal survivors since 1968; we judge these 
restrictions to be questionable for circulatory 
disease end points. In our analyses (Little et al. 
2012), we used current LSS data (Shimizu 
et al. 2010) that show substantially more 
deaths (12,139 vs. 3,954 for stroke; 14,018 
vs. 4,477 for heart diseases), which means 
the analysis by Schöllnberger et al. (2012) has 
much less statistical power and that some of 
their inferences are likely inconsistent with 
the current data. 

In summary, Schöllnberger et al. (2012)
used biologically questionable models fitted 
to a single, older (LSS) data set, disregarding 
evidence from radiation-induced circulatory 
disease risks in several populations with low-
to-moderate exposures (Little et al. 2012). 
It is important to know whether low doses 
or dose rates of radiation are associated with 
increased morbidity and premature mortality 
and, if so, by what mechanism. The point 
of our paper was to address this clinical and 
public health concern.

The authors declare they have no actual or 
potential competing financial interests.

Mark P. Little
Radiation Epidemiology Branch

National Cancer Institute
Rockville, Maryland 

E-mail: mark.little@nih.gov
Dimitry Bazyka

Research Center for Radiation Medicine
Kyiv, Ukraine

Simon D. Bouffler
John D. Harrison 

Health Protection Agency
Chilton, United Kingdom

Elisabeth Cardis
CREAL (Center for Research in 

Environmental Epidemiology)
Barcelona, Spain

Francis A. Cucinotta
Radiation Health Office

NASA Johnson Space Center
Houston, Texas

Michaela Kreuzer
Department of Radiation Protection 

and Health
Federal Office for Radiation Protection

Oberschleissheim, Germany
Olivier Laurent

Laboratoire d’Epidémiologie
Institut de Radioprotection et de 

Sûreté Nucleaire 
Fontenay-aux-Roses, France



Correspondence

A 454 volume 120 | number 12 | December 2012 • Environmental Health Perspectives

Soile Tapio
Helmholtz Zentrum München
Institute of Radiation Biology

Oberschleissheim, Germany
Richard Wakeford

Dalton Nuclear Institute
University of Manchester

Manchester, United Kingdom
Lydia Zablotska

Department of Epidemiology 
and Biostatistics

University of California San Francisco 
San Francisco, California

Steven E. Lipshultz
Department of Pediatrics

Leonard M. Miller School of Medicine
University of Miami

Miami, Florida
on behalf of all authors of the paper

RefeRences

Advisory Group on Ionising Radiation. 2010. Circulatory 
Disease Risk. Report of the Independent Advisory Group 
on Ionising Radiation. London:Health Protection Agency. 
Available: http://www.hpa.org.uk/webc/HPAwebFile/
HPAweb_C/1284475204588 [accessed 8 November 2012]. 

Burnham KP, Anderson DR. 1998. Model Selection and Multi-
model Inference: A Practical Information-Theoretic 
Approach. 2nd ed. New York:Springer. 

Little MP, Azizova TV, Bazyka D, Bouffler SD, Cardis E, 
Chekin S, et al. 2012. Systematic review and meta-analysis 
of circulatory disease from exposure to low-level ionizing 
radiation and estimates of potential population mortality 
risks. Environ Health Perspect 120:1503–1511.

Little MP, Tawn EJ, Tzoulaki I, Wakeford R, Hildebrandt G, 
Paris F, et al. 2010. Review and meta-analysis of epide-
miological associations between low/moderate doses of 
ionizing radiation and circulatory disease risks, and their 
possible mechanisms. Radiat Environ Biophys 49:139–153.

Mitchel RE, Hasu M, Bugden M, Wyatt H, Little MP, Gola A, 
et al. 2011. Low-dose radiation exposure and athero-
sclerosis in ApoE–/– mice. Radiat Res 175:665–676.

Preston DL, Shimizu Y, Pierce DA, Suyama A, Mabuchi K. 2003. 
Studies of mortality of atomic bomb survivors. Report 13: 
solid cancer and noncancer disease mortality: 1950–1997. 
Radiat Res 160:381–407.

Rödel F, Frey B, Gaipl U, Keilholz L, Fournier C, Manda K, et al. 
2012. Modulation of inflammatory immune reactions by 
low-dose ionizing radiation: molecular mechanisms and 
clinical application. Curr Med Chem 19:1741–1750.

Schöllnberger H, Kaiser JC, Jacob P, Walsh L. 2012. Dose-
responses from multi-model inference for the non-cancer 
disease mortality of atomic bomb survivors. Radiat Environ 
Biophys 51:165–178.

Shimizu Y, Kodama K, Nishi N, Kasagi F, Suyama A, Soda M, 
et al. 2010. Radiation exposure and circulatory disease 
risk: Hiroshima and Nagasaki atomic bomb survivor data, 
1950–2003. BMJ 340:b5349; doi: http://dx.doi.org/10.1136/
bmj.b5349 [Online 14 January 2010].

Is Ambient PM2.5 Sulfate 
Harmful?
http://dx.doi.org/10.1289/ehp.1205873

Lepeule et al. (2012) associated reduced 
PM2.5 (particulate matter ≤ 2.5 μm in aero-
dynamic diameter) with decreased mortality 
over almost four decades. Because the sulfate/
PM2.5 ratio dropped among six localities 
but the PM2.5 mortality coefficient did 

not “substantially” increase, the authors 
concluded that sulfate must be “about as 
toxic” as average PM2.5. In a two-pollutant 
world, perhaps. 

When a single source emits several PM2.5 
species, and a specific species is emitted from 
several sources, chemical-specific associations 
might not reflect inherent toxicity but rather 
status as a marker of harmful coemissions 
(Grahame and Hidy 2007; Mostofsky et al. 
2012). Furthermore, because total PM2.5 
is often associated with adverse health out-
comes, association of a constituent represent-
ing a large portion of total mass (e.g., sulfate) 
may occur unrelated to any inherent toxicity 
(Mostofsky et al. 2012). 

Toxicological studies have not indicated 
adverse health effects from sulfate per se 
(Schlesinger and Cassee 2003). However, 
reducing a unit of black carbon (BC) 
increased life expectancy 4–9 times more than 
reducing a unit of PM2.5 (Janssen et al. 2011). 
Evidence from both toxicological and human 
panel studies with accurate subject expo-
sure consistently has linked BC with adverse 
cardio vascular health outcomes (Grahame and 
Schlesinger 2010). Metals and other emissions 
from older steel plants are particularly toxic 
(Dye et al. 2001). 

Substantial reductions in BC and poly-
cyclic aromatic hydrocarbons from diesel 
engines and coke ovens, various metals from 
steel plants, and nickel and vanadium from 
residual oil have occurred over the time frame 
examined by Lepeule et al. (2012). Sulfur was 
coemitted by all of these sources. Because less 
abundant but more toxic PM2.5 species were 
also substantially reduced over this period, 
changes in the sulfate/PM2.5 ratio as applied 
to mortality might reflect toxicity of coemis-
sions, not of sulfate. Is sulfate inherently 
toxic or merely a coemission of harmful PM 
species? 

Researchers must use models that include 
many relevant PM2.5 species to successfully 
parse adverse health effects of each (Grahame 
and Hidy 2007). BC (and to a lesser extent 
nickel) remains consistently associated with 
adverse health outcomes when increasingly 
sophisticated models—all including 18 PM2.5 
species—are used; however, sulfate asso-
ciations become negative and insignificant 
(Mostofsky et al. 2012). 

Further, subject exposure measures must 
be reasonably accurate; associations found 
with accurate exposure may not be found 
when central monitor concentrations are 
proxies for exposure across a metropolitan 
area (Suh and Zanobetti 2010). 

Human panel studies can examine effects 
of PM2.5 species with more accurate subject 
exposure. Schwartz et al. (2005) found 
consistent associations for measures of heart 
rate variability with BC, but fewer associations 

for PM2.5. In that study, the authors used 
an algorithm separating BC from PM2.5 
and found no associations with the PM2.5 
remainder (termed “secondary PM2.5” by the 
authors), which would include both secondary 
sulfate and its reaction products. 

Any conclusions regarding sulfate toxicity 
are premature until consistent results from 
advanced models (Mostofsky et al. 2012), 
which are able to examine many chemical 
species and incorporate good exposure mea-
sures, are available and are congruent with 
toxicology. 
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Is Ambient PM2.5 Sulfate 
Harmful? Schwartz and Lepeule 
Respond
http://dx.doi.org/10.1289/ehp.1205873R

Grahame and Schlesinger make two argu-
ments against the conclusions of our paper 
(Lepeule et al. 2012). Regarding their first 
point, we argued that if sulfates are non-
toxic—and the fraction of particles that are 


